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INTRODUCTION
Vertical water mixing in lakes in temperate climates has its maximum extension between the end of winter and the beginning of spring. In this period the difference in temperature between the surface and the bottom reaches minimum annual values. The deep lakes located south of the Alps (from E to W: Garda, Iseo, Como, Lugano and Maggiore) should be classified as warm monomictic. Lakes in this category circulate completely once a year in the winter at or above 4 °C and are stably stratified for the remainder of the year (Hutchinson 1957; Wetzel 2001) . However, owing to the great depth of the deep southern subalpine lakes -ranging from 251 m (Iseo) to 410 m (Como) -they are typically characterised by variable temporal periods of incomplete mixing, interspersed with occasional events of complete mixing during cold, windy winters. This situation, which is known as oligomixis, clashes with that of lakes which circulate freely every year (holomictic lakes) or show a constant stratification (meromictic lakes) (Wetzel 2001) .
In deep lakes, vertical mixing is an important factor in determining the annual evolution of the physical and chemical characteristics along the water column, and in controlling the development of the algal biomass in the upper layers. More specifically, in oligomictic lakes the chemical characteristics of the deep hypolimnion not involved in the spring mixing are determined both by the mineralization of organic matter and by the duration of their temporal isolation from the surface waters (Salmaso & Decet 1998) . On the other hand, the extent of the vertical mixing has important consequences for the fraction of algal nutrients that may be recycled annually from the deep layers to the surface. Trophic status in deep oligomictic lakes depends not only on algal nutrient loads, but also on the extent of the spring vertical mixing and renewal time. These factors are closely interrelated, for the actual renewal time approaches the theoretical renewal time (estimated from the volume of the lake divided by that of the outflow) only during the complete overturn and homogenisation of the water column (holomixis).
The aim of this paper is to compare the influence of different circulation patterns on the trophic status of two deep subalpine lakes (Garda and Iseo) with contrasting mixing characteristics. Lake Garda is a typical oligomictic lake, for which the most recent complete mixing events were documented in 1991 and in the biennium -2001 (Salmaso et al. 2001a . In contrast, the last complete circulation in Lake Iseo was observed at the beginning of the 1980s, after which the reduced water renewal, associated with deteriorating trophic conditions, resulted in a marked decrease in hypolimnetic oxygen concentrations and in the establishment of conditions of anoxia during the 1990s (Garibaldi et al. 1999) .
STUDY SITES
Lake Garda is the largest Italian lake, with a volume of 49 km 3 , a surface of 368 km 2 and a maximum depth of 350 m ( Fig. 1a ; Tab. 1). The main inflow is the River Sarca, at the northern edge of the lake; other tributaries are less important and mainly flow towards the western and northern shores. The outflow, with an average discharge of 58 m 3 s -1 , is the River Mincio, at the southern edge of the lake. Compared with the other deep southern subalpine lakes, Lake Garda is characterised by a long theoretical water renewal time (27 years), due to its low catchment (lake included)/lake surface ratio (around 6) and to low annual rainfall (790-1150 (790- mm, IRSA 1974 . Details of the catchment and the lake are reported in IRSA (1974) .
Lake Iseo is the fourth largest Italian lake, after Garda, Maggiore and Como. It has a surface of 61 km 2 , a volume of 7.6 km 3 and a maximum depth of 251 m ( Fig. 1b; Tab. 1). The inflow and outflow is the River Oglio. At the centre of the lake is the island of Monte Isola, which is one of the largest (4 km m above the lake surface) island in Europe. The theoretical water renewal time is about 4.2 years (Garibaldi et al. 1999) .
METHODS
Samples were collected from Lake Garda normally every four weeks between 1991 and 2001 in the deepest zone of the lake (west basin, off Brenzone) and in the shallower east basin (off Bardolino; Fig. 1a) by the University of Padova, in cooperation with the ARPAV (Veneto Region Environment Protection Agency), Districts of Verona and Belluno. Except where otherwise stated, the data in this paper refer to the samples collected at the Brenzone station. On each sampling, measurements of temperature, pH, conductivity and oxygen were carried out on the water column using underwater multiparameter probes. Detailed chemical analyses have been performed since [1995] [1996] . Water samples for chemical analysis were collected at 0. 5, 20, 60, 100, 150, 200 and 300 m; further samples for oxygen determination (Winkler method) were collected at 10 m, 250 m and around 1 m above the bottom. In this paper, the total phosphorus (TP) concentrations refer to the analyses carried out on the samples collected monthly from January 1996 to December 2000 and from August to December 2001; these data have been integrated with the analyses carried out by the CNR-ISE on the samples collected at Brenzone in March 2001. Water samples for chlorophyll a (Lorenzen 1967 ) and phytoplankton analyses were collected within the euphotic layer (0-20 m) from June 1992; prior to this the analyses were carried out on integrated samples collected at the surface. Details of sampling procedures, field measurements, chemical methods, chlorophyll-a and phytoplankton analyses were reported by Salmaso et al. (1997) .
Lake Iseo was sampled from 1993 by the University of Milan in the deepest zone of the lake, off Tavérnola Bergamasca (Fig. 1b) . In 1993 and from 1998 to 2001 sampling was performed monthly, less frequently from 1994 to 1997 (to a total of 4-8 sampling dates). Water samples for chemical analysis were collected at 0, 1, 3, 5, 10, 20, 30, 50, 75, 100, 150, 200 m and at the bottom. Detailed information on the development of the algal biomass in the layer 0-10 m has been available since 1998 (Garibaldi et al. 2003) . The methods used for measuring the physical, chemical and biological variables are reported in Garibaldi et al. (1997) . Since the 1960s, the temporal series of oxygen in the deepest zone of Lake Iseo were recorded by the CNR-ISE in the period from March to April .
The concentrations of total phosphorus and dissolved oxygen in the layers 0-100 m, 100-200 m and 200 m-bottom have been computed using lake volume weighted averages.
The chemical methods were checked and verified in the framework of the projects AQUACON-MedBas and QuAlps (Mosello & Salmaso 2000) . Direct comparisons carried out yearly among the research groups involved in this work showed good agreement in the results of the chemical analyses. Figure 2a shows the temporal evolution of the vertical distribution of dissolved oxygen recorded in the deepest zone of Lake Garda between 1996 and 2001. During this period, average concentrations in the deep hypolimnion (200 m-bottom) were always greater than 6 mg l -1 , indicating a satisfactory level of oxygenation. However, from 1996 to 1998, and during 2001, the water column was characterised by the presence of marked concentration gradients, while in the biennium 1999-2000 oxygen was evenly distributed along the water column during the spring overturn. These contrasting situations were the result of an incomplete cooling and consequent partial overturn of the water column from 1996 to 1998 and in 2001, and by a complete cooling and complete circulation of the lake in the spring of 1999 and 2000; see Salmaso et al. (2001a; 2001b) for details on the thermal structure of Lake Garda. In this context the term "circulation" does not necessarily imply the intervention of a single mixing mechanism. In deep lakes, a complete overturn may be triggered by convective motions (originating in the winter cooling of the water masses), but also by water currents driven by strong winds along the thalweg of the lake and by the deep flux of colder water from the tributaries (Ambrosetti et al. 1983) .
RESULTS AND DISCUSSION

Effects of oligomixis and meromixis on the vertical distribution of oxygen and phosphorus concentrations
The physical and chemical profiles allowed to estimate in some detail the temporal evolution of the maximum mixing depth reached in spring. During the last decade, full spring overturn episodes, with a complete homogenisation of the chemical and physical characteristics of the water column, were observed in 1991 as well as in 1999 and 2000. In contrast, from 1992 to 1998 and in 2001 the mixing depth during the maximum spring overturn ranged from 140 to 200 m; the three years of complete circulation were characterised by a marked cooling of the whole water column, as a result of the cold, harsh winters which occurred between 1990 and 1991, 1998 and 1999, and 1999 and 2000 . In particular, the water column in these three years experienced its greatest cooling after a decrease in the mean winter (December-February) air temperatures of around 2 °C compared to previous years (Salmaso et al. 2001b) . At present, the periods of partial mixing appear to be strictly determined by the evolution of the climate. The increase of the ionic content in the deep hypolimnion (essentially due to Ca 2+ and alkalinity) was secondary to temperature as a factor controlling water density gradients during the years of incomplete overturn (Salmaso & Decet 1998 ).
Oligomixis in Lake Garda has a major effect on the vertical distribution of algal nutrients and, consequently, on their supply in the superficial, euphotic layers. In years of incomplete mixing, the concentrations of TP in the layer from 100 m to the bottom were 2-3 times as high as those measured in the layer 0-100 m (Fig. 2b) . In contrast, during years when there was a complete overturn, TP concentrations assumed homogeneous values in the whole water column in spring, reaching their maximum values in the euphotic zone (over 20 µg P l -1 in 1999 in the layer from 0 to 20 m) and constituting an important source of nutrients for algal growth in the whole basin during the spring and summer months (section 4.2).
The temporal evolution of the vertical distribution of dissolved oxygen concentrations in the deepest zone of Lake Iseo from the second half of the 1960s to 2001 is illustrated in figure 3 . These 30 years were characterised by two contrasting situations. From the mid 1960s to the mid 1980s, periods of partial overturn alternated with complete circulation episodes, so that Lake Iseo could be ascribed to the category of oligomictic lakes, as Lake Garda is now. The last circulation of Lake Iseo was documented in 1981 (Mosello 1983; Garibaldi et al. 1995) . Successively, starting from the mid 1980s, there was a progressive, stable separation of the deep waters from the surface layers. In particular (Fig. 4a) , the layer between 200 m and the bottom was in an anoxic condi- tion between the end of 1994 and 1998; at the same time, oxygen concentrations in the layer between 100-200 m were very low (<2 mg l -1 ). Contrary to this trend, a significant supply of oxygen, due to a major cooling of the water column (Brizzio et al. 2001) , which determined a major spring water renewal, was observed in the water masses between 100-200 m in 1999 and 2000. In this biennium, and in the following year, the deepest layer (<200 m) underwent moderate oxygenation, reaching a concentration of around 2 mg l -1 . It will be recalled that during 1999 and 2000 Lake Garda underwent a complete spring circulation, as a consequence of the occurrence of two harsh winters. The spring vertical mixing in Lake Iseo in these two years -as deduced from an analysis of the physical and chemical profilesextended to a depth apparently between 100 m and 200 m. The years immediately before and after this biennium appeared to be characterised by a more limited mixing extension (estimated between 50 and 100 m in 1998 and 2001).
The greater extent of vertical mixing in 1999 and 2000 was also paralleled by a greater replenishment of phosphorus from the deep hypolimnion towards the superficial layers (Fig. 4b) ; in these two years the annual average values of TP in the layer 0-100 m were 47 and 48 µg P l -1 , respectively, whereas the corresponding values from 1993 to 1998 and in 2001 were 36 and 37 µg P l -1 , respectively. These values may be considered very high. However, as we will show in the next section (4.2), the greater availability of phosphorus during 1999-2000 had important consequences for the development of algal biomass.
The incomplete overturn of Lake Iseo during the last 20 years was favoured by an increase in the density of the deep waters due to a rise in concentrations of calcium and bicarbonate ions (Garibaldi et al. 2000; Brizzio et al. 2001 ). In 1998 and 1999, for example, the concentrations of Ca 2+ in the layers from 0 to 200 m at spring overturn were equal to 2202 and 2282 meq l -1 , respectively; in the layer from 200 m to the bottom these concentrations raised to 2370 and 2491 meq l -1 , respectively. Similar differences were found for HCO 3 -, whereas the other ions showed only little or no vertical concentration gradients (Brizzio et al. 2001) . When there is an incomplete overturn, the renewal time of the hypolimnetic waters is low, favouring an increase in algal nutrients (P-, N-and Si-compounds) as well as (in calcareous lakes) dissolution of CaCO 3 from settling particles, with a corresponding increase in water density. The formation of calcite particles in the epilimnion is a function of algal activity (which depletes CO 2 and increases pH) and, eventually, of the trophic status of a lake. If conditions favouring incomplete mixing prevail (e.g. warm winters, excessive nutrient loads), a spiral effect is set off, which determines a pronounced separation of the lake water into two strata, with very different renewal times (meromixis).
Effects of the overturn on the recent trophic evolution of lakes Garda and Iseo
Information on the temporal evolution of nutrients and algal biomass in the two lakes is available for the period from 1998 to 2001. Figures 5a-b show the temporal evolution of the maximum concentrations of TP at The detailed seasonal evolution of the chlorophyll-a and phytoplankton in these two lakes was recently examined by Salmaso (2002) and Garibaldi et al. (2003) . The variables considered in figure 5 are characterised by different ranges and absolute values, indicative of two lakes with different trophic levels. The values computed for Lake Garda and Lake Iseo indicate that the former is in a condition between oligotrophy and mesotrophy, and the latter between mesotrophy and eutrophy (OECD, 1982) . These classifications are confirmed also considering the annual averages and minimum values of transparency (Salmaso 2002; Garibaldi et al. 2003) .
Nevertheless, in spite of the very different absolute values recorded in the two basins, the temporal evolution of the variables in figure 5 are characterised by a strict temporal correlation, which originated from a corresponding synchronism in the interannual variations in the extent of the spring vertical mixing. After all, this synchronicity was determined by the common effects caused by climatic evolution in the southern subalpine area (Maugeri & Mazzucchelli 2002; Brunetti et al. 2000; Giugliacci et al. 2001) . In particular, the increase in phosphorus concentrations and chlorophyll-a in the productive layers during 1999 and 2000 was due to the complete overturn of the water column in Lake Garda and to a larger extent of the mixed layer in Lake Iseo, after the occurrence of two cold, harsh winters.
An estimate of the contribution of the spring epilimnetic phosphorus deriving from mixing processes is given in table 2. The increases in the 0-20 m layer were obtained by considering the differences in the TP content before the beginning of the deep mixing processes (between November and December) and during the maximum extent of vertical mixing (between February and March). Only approximate values can be obtained in this way, because the variations in the P-content in the epilimnetic layers also originated from the contribution of nutrients from rivers and other inflowing water, and from their loss via the outflow and particulate sedimentation. In 1998 and 2001, during a limited overturn, the input of nutrients to the productive layers in lakes Garda and Iseo was below 40 t and 10 t, respectively; in 1999 and 2000, during the greatest extension of the overturn, these values were 80 and 44 t (Garda), and 29 and 26 t (Iseo), respectively (Tab. 2). Even considering the limiting assumptions used in the computations, the estimated epilimnetic supply of TP during the spring months constitutes a high, rapid and temporally delim- ited input of nutrients, readily utilisable for phytoplankton growth. The importance of this supply is highlighted when we consider that, on an annual basis, the external total loads of TP in the two lakes were estimated at around 170-200 t y -1 (Garda: Salmaso et al. 1997 ) and 80-90 t y -1 (Iseo: Garibaldi et al. 1998; .
The analysis of the whole set of data available on Lake Garda since 1991 clearly demonstrates the importance of the spring circulation in fertilising epilimnetic waters in deep lakes. The results show that the lake volumes involved at spring overturn have a significant impact on the trophic variables, with positive effects on epilimnetic phosphorus, chlorophyll-a, total algal biovolumes and cyanobacteria, and negative effects on water transparency (Salmaso et al. 2001a; 2002) . Consequently, the trophic status in the 1990s oscillated between oligo-mesotrophy and mesotrophy. The parallel comparison between the temporal evolution of the spring mixing depth and the principal trophic variables in lakes Garda and Iseo suggests that climatic evolution plays a significant role in controlling, on a regional scale, the interannual variations in trophic status in deep lakes.
The functioning mechanisms for a particular lake typology are comparable. In particular, the pool of factors controlling the long-term evolution of the trophic characteristics of lakes Garda and Iseo are the same as those affecting deep lakes, including the southern subalpine lakes. These factors include nutrient concentrations (P-N-loads), water renewal and mixing depth. However, these factors may have a different relative importance in different lakes. The high water renewal rate of Lake Iseo suggests that occasional direct fertilisation events from the rivers are potentially of major importance (cf. Garibaldi et al. 1999) . In contrast, in Lake Garda, the low water supply from rivers, practically only from the northern River Sarca ( Fig. 1 ; , means that the spring replenishment from the deep hypolimnion constitutes a significant input of recycled nutrients to the productive layers of the entire lake every year. With the progressive formation of a stable and isolated epilimnion, nutrients originating in the catchment or from the deep hypolimnion have less importance than in the coldest months (Salmaso & Decet 1998) .
CONCLUSIONS
As stated by Goldman & Jassby (1990) , despite the acknowledged importance of spring mixing events as a cause of interannual variation of algal production in lakes, their quantitative significance has been poorly investigated. The research carried out on lakes Garda and Iseo confirmed the importance of the extent of the overturn in controlling the fraction of algal nutrients recycled from the deepest waters to the productive layers in deep lakes. In particular, recent investigations (1998) (1999) (2000) (2001) revealed the existence of a temporal correspondence in the interannual variations in the extent of the spring vertical mixing in lakes Garda and Iseo. This temporal synchronism derives from the common effects of the winter evolution of climatic conditions on the subalpine region, which results in a positive association in the temporal evolution of the trophic characteristics of the two lakes. During 1999 and 2000, following two cold, harsh winters, the productive layers of lakes Garda and Iseo underwent a major fertilisation, which was reflected in a corresponding increase of chlorophyll-a.
The above results make it essential to reconsider the significance of the concept of trophic category (sensu OECD, 1982) used for deep lakes. In this classification of water bodies a distinction must be made between potential trophic status and apparent (observed) trophic status (Fig. 6) . In the first case the trophic status is determined by the overall content of nutrients in the lake, irrespective of their distribution along the water column, whereas in the second case the term refers to the actual quantity of nutrients available in the productive layers for algal growth. Depending on the influence of rivers, the apparent trophic status may be affected, besides the hypolimnetic P-supply and vertical mixing (paths 1 and 2 in Fig. 6a) , by the epilimnetic input of nutrients (path 3 in Fig. 6a ). In oligomictic and meromictic lakes the effects of vertical mixing on the trophic status will be a function of the intensity of the overturn and of the hypolimnetic stock of nutrients.
Tab. 2. Estimates of the replenishment of phosphorus to the epilimnetic (0-20 m) layers during spring overturn. BM: before spring mixing; SM: spring mixing; (a) : computations carried out for the whole lake, including the results collected at Bardolino (Fig. 1a) The extent of the spring water mixing helps to explain the interannual variations of productivity below a potential trophic status determined by the overall content of nutrients (in this case P) in the water column. In oligomictic lakes the potential and the apparent trophic status tend to coincide during circulation events (Fig.  6b) . In contrast, in meromictic lakes the observed trophic status is always lower than that implied by the overall nutrient content. In short, the apparent trophic status of a deep lake is under the control both of anthropogenic pressure and climatic evolution. The apparent and the potential trophic status coincide only in the case of constant holomixis and/or homogenisation of the water column.
The extent of the overturn -and the consequent degree of homogenisation of the lacustrine water masseshas far-reaching consequences for the determination of the actual renewal times. In oligomictic and meromictic deep lakes it is important to distinguish the renewal time of the deep waters (which may undergo periodic renewal or may be continually separated from the superficial waters) from that of the overlying mixed waters. The assessment of theoretical renewal times (estimated from the volume of the lake divided by that of the outflow) would constitute, if evaluated uncritically, a confusing and misleading element in interpreting the interannual variations of the apparent trophic status in deep lakes. 
